Objective: Non-rapid eye movement (NREM) sleep is known to be a brain state associated with an activation of interictal epileptic activity. The goal of this work was to quantify topographic changes occurring during NREM sleep in comparison with wakefulness. Method: We studied intracerebral recordings of 20 patients who underwent stereo-electroencephalography (SEEG) during presurgical evaluation for pharmacoresistant focal epilepsy. We measured the number of interictal spikes (IS) and quantified the co-occurrence of IS between brain regions during 1 hour of NREM sleep and 1 hour of wakefulness. Co-occurrence is a method to estimate IS networks based on a temporal concordance between IS of different brain regions.
associated with an activation of the interictal epileptic activity, 7 and sleep recordings are routinely used to increase electroencephalography (EEG) sensitivity for detection of spikes.
Although NREM sleep activates epileptic activity, REM sleep seems to prevent IS or seizures from occurring. 8, 9 The genesis and propagation of IS during NREM sleep are probably influenced by different factors including the epileptogenic process, but also anatomic and physiologic aspects, as we know that physiological activities occurring during NREM sleep may be quite heterogeneously localized across the brain. Different types of physiologic activities occur during NREM sleep. Some of these are phasic activities, such as hippocampal spindles and ripples occurring in medial temporal lobe and involved in memory consolidation. 10 Such activities occurring in specific locations during NREM sleep could increase the sensitivity of these structures to spike propagation or genesis during sleep and are under the control of the thalamocortical circuitry activation. A recent study 11 showed that the transition between the up and down state of slow waves increases epileptic high-frequency oscillations and IS. Similar results were shown in rats. 12 Phasic activities such as sleep spindles also seem to play a role in epileptic activation during NREM sleep. 13 Until now, few studies have proposed a detailed quantification of changes in IS occurring during NREM sleep and their topographic analysis. Here, we aimed to study changes in spike frequency and distribution (using an estimation of co-occurrence) in different brain regions in a series of patients with medial temporal lobe epilepsy (MTLE), lateral temporal lobe epilepsy (LTLE), or extratemporal lobe epilepsy investigated with intracranial recordings.
| METHODS

| Patients
Twenty adult patients with pharmacoresistant epilepsy who underwent continuous intracerebral EEG recording (stereo-EEG, SEEG) during presurgical evaluation at the Timone Hospital, Marseille, between November 2011 and May 2016, were selected.
Patients were included if they had the following: (1) at least 1 electrode in the temporal lobe that had contact with the medial and lateral part of temporal lobe; (2) sleep recordings at least 3 hours after or before seizure and in which sleep spindles and sleep slow waves were observed to identify NREM sleep; and (3) at least 1 seizure during intracranial recording.
Prior to SEEG, all patients underwent noninvasive assessment including detailed clinical history, neurologic examination, neuropsychological evaluation (17 patients), long-term video-EEG recording, and structural magnetic resonance imaging (MRI). SEEG recording was carried out during long-term video-EEG monitoring to record several of the patient's habitual seizures, following complete or partial withdrawal of antiepileptic drugs.
This study was carried out in accordance with the recommendations of the institutional review board of the French Institute of Health (IRB15226) with written informed consent from all participants.
| Intracerebral EEG recording and contacts selection
SEEG exploration was performed using intracerebral multiple contact electrodes (Alcis [Besanc ßon, France]; 10-15 contacts, length: 2 mm, diameter: 0.8 mm, 1.5 mm apart) placed intracranially according to the Talairach stereotactic method. 14, 15 The anatomic positioning of electrodes was established in each patient based on available noninvasive data and hypotheses about the localization of the seizure-onset zone. A postoperative computerized tomography (CT) scan was performed to check the absence of bleeding and the position of each recording lead. CT scan/MRI data fusion was performed to accurately identify and localize each contact along the electrode trajectory ( Figure S1 ). Signals were recorded on a 128 channel system (Natus/Deltamed, Pleasanton, CA, USA) sampled at 512 Hz (1 patient), 1024 Hz (16 patients), or 2048 Hz (3 patients) and recorded on a hard disk (16 bits/ sample) using no digital filter. DC offset and very slow fluctuations of the baseline were suppressed by a built-in high-pass hardware filter (cutoff frequency equal to 0.16 Hz at À3 dB).
We selected 16-29 contacts in bipolar derivation in each patient, according to anatomic site of electrode implantation. We selected contacts in the gray matter of the main cerebral regions including the SOZ. In some patients, the medial pulvinar group of the thalamus was explored and corresponded to the most internal contact of the electrode passing through the superior temporal gyrus. 16 Electrodes were placed deliberately in the thalamus to evaluate if there was an extension of the epileptogenic networks in this region.
Key Points
• (Figure S1 ). We used a previously described algorithm. 18 This detection method included 2 main steps. In the first step, each EEG signal was decomposed on a wavelet filter bank.
In the second step, the Page-Hinkley algorithm was used to automatically estimate time instants corresponding to abrupt changes of q(t), each abrupt change corresponding to the occurrence of an IS in the analyzed SEEG channel.
For each patient, a 1-hour period of continuous interictal SEEG was selected. To get a normalized quantity (from 0 to 1) for each patient, the value of IS detected in each depth electrode lead was divided by the maximal value obtained.
| Epileptogenicity index (EI) calculation
To assess if selected electrode contacts studied in bipolar montage belonged to the SOZ, to the propagation zone, or were not involved with epileptogenicity, we calculated the epileptogenicity index (EI) 15 in all selected contacts during 1-2 seizures. The EI is a measure based on spectral and temporal changes of intracranial EEG signal occurring during an epileptic seizure. High EI values correspond to structures involved early in the ictal process and producing rapid discharges at seizure onset. Briefly, EI quantifies 2 important features of SEEG signals recorded during the transition from preictal to ictal activity: (1) the redistribution of signal energy from lower frequency bands (delta, theta, alpha) toward higher frequency bands (beta, gamma); and (2) the delay of appearance of these high-frequency components in a given structure with respect to the first structure, itself involved in a "rapid discharge mode" (for methodological details see Bartolomei et al. 15 ).
Contacts with EI >0.4 were defined as being inside the SOZ, between 0.1 and 0.4 to be inside the propagation zone (PZ), and <0.1 to be noninvolved regions (NIRs). These heuristic thresholds were chosen according to previous studies.
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| Estimation of IS co-occurrence
The importance of characterizing the co-occurrence of IS within separate structures has been reported previously to determine the pathophysiologic systems ("IS networks") involved in the generation and propagation of IS.
18,19 IS co-occurrence was calculated according to the Malinowska et al. 19 method. Two IS from a pair of channels were labeled as co-occurring when their appearance was temporally separated by <100 msec. The co-occurrence matrix was obtained by counting every pair of co-occurring spikes for all pairs of selected channels. Because channels with high spiking frequency tend to have high number of co-occurring events, we tested the significance of the co-occurrences using a resampling method. The interspike delays were shuffled for each channel independently (100 realizations) to build the distribution of the number of co-occurrences in the null hypothesis (ie, no interrelation between spikes of different channels) for every pair of channels. This distribution was fitted by a Poisson distribution, and the P-values of the experimental numbers of co-occurrences were calculated and transformed using this formula: Àlog10(P). This procedure was applied to each pair of channel to estimate the normalized cooccurrence matrix. We estimated the "co-occurrence strengths" of a given channel by adding up all normalized co-occurrence values for all the pairs containing this channel.
| Statistical analysis
We compared the number of IS during wakefulness and during NREM sleep first globally and then according to patients, regions, and epileptogenicity of the involved structure.
To assess if spike increase during sleep was higher in some regions than average increase in all regions, standardized spike difference (SSD; number of spikes during NREM sleep À number of spikes during wakefulness, standardized on patients with a reduced centered distribution) was calculated. Values of SSD reflected standard deviation to the mean, with a mean value of 0. Negative values of SSD meant that spike increase during sleep was lower than average spikes increase in all regions, whereas positive values meant that spike increase during sleep was higher than average spike increase.
Contact electrodes were grouped in terms of anatomic regions: medial temporal lobe (MTL), lateral temporal lobe (LTL), frontal lobe (FL), parietal lobe (PL), occipital lobe (OL), thalamus (Th), and medial temporal lobe contralateral to assumed SOZ (cMTL).
To determine if there was an influence of brain regions or epileptogenicity on spike changes during NREM sleep compared to wakefulness, SSD were compared with an analysis of variance (ANOVA) test according to region and to epileptogenicity (SOZ, PZ, or NIR).
Co-occurrence strengths were computed in each bipolar contact during wakefulness and during NREM sleep. Because co-occurrence strengths were heterogeneous between patients, we calculated standardized co-occurrence strength difference (SCSD) as follows: SCSD = co-occurrence strength during NREMs À co-occurrence strength during wakefulness, standardized for patients with a reduced centered distribution. Values of SCSD reflected standard deviation to the mean, with a mean value of 0. Positive values of SCSD meant that increase of co-occurrence strength was higher than the average increase of cooccurrence strength in all regions, whereas negative values meant that increase of co-occurrence strength was lower than the average increase. To study thalamocortical and cortico-cortical interactions in spiking activity, we compared SCSD in all patients who had an electrode within the thalamus (14 patients), according to regions and epileptogenicity, with an ANOVA test.
3 | RESULTS
| Demographic findings
Twenty patients (10 women; mean age, 34.3 AE 11.7 year) were studied (see Table 1 ). Thirteen patients had a SOZ involving the medial temporal lobe and 6 patients had a SOZ sparing the medial temporal lobe, according to visual analysis and EI determination.
All patients had MTL and LTL electrodes; 19 patients had frontal electrodes; 15 patients had thalamus electrodes; 11 patients had electrodes in PL; 5 patients had electrodes in OL; and 12 patients had electrodes in contralateral medial temporal lobe (cMTL). Other regions (insula, cingulate gyrus, other contralateral regions than MTL) were not specifically studied because they were underrepresented.
| Changes in spike frequency during NREM sleep
In all studied regions, mean spike frequency (number of IS per hour) increased significantly during NREM sleep (mean 563.84, SD 635.28) in comparison with wakefulness (mean 335.73, SD 522.59; paired t test P < .001). Thus a 68% (SD 47%) increase of spiking was observed during NREM sleep. However, spike increase was heterogeneous among patients, regions, and according to epileptogenicity (Figure 1) . Two-way ANOVA of SSD showed that regions and epileptogenicity significantly modulated spike increase during NREM sleep (region P < .001; epileptogenicity P < .05). Indeed, SSD was higher in SOZ than in PZ and NIR, as showed in Figure 2B (Tukey post hoc test significant between SOZ and NIR, P < .05). With regard to brain regions, although spike frequency was higher in all regions during NREM sleep, SSD increased in MTL and cMTL in comparison with other regions, as showed in Figure 2A . Tukey post hoc tests were statistically significant for most paired differences for MTL and cMTL: SSD in MTL was higher than SSD in FL, OL, LTL, PL, but the difference was not significant with SSD in thalamus and cMTL. SSD in cMTL was higher than SSD in OL, PL, LTL, but the difference was not significant in MTL, thalamus and FL.
To determine if specific spike increase in the MTL was due to epileptogenicity or to a "regional effect," we compared SSD in MTL contacts included in SOZ, MTL contacts not involved in the SOZ, and extra-MTL contacts. SSD was significantly higher in MTL contacts than in extra-MTL contacts (ANOVA, P < .001). Among MTL contacts, SSD was significantly higher in MTL contacts included in SOZ than in those outside the SOZ (P < .05). This showed a "regional effect" with a higher increase of spikes in MTL whether or not involved in the SOZ (Figure 2C) . To confirm that this result was not due to the choice of the threshold of 0.4 of the EI, we did the same analysis considering a threshold of 0.3 (contacts with EI above 0.3 were defined as being inside the SOZ). The result was the same (see Figure S2 ).
| IS co-occurrence during NREM sleep
Co-occurrence strengths increased in all regions during NREM sleep, showing therefore a tendency for spike cooccurrence to increase (Figure 3) . SCSD was not higher in the thalamus in comparison with other regions (Figure 4 ), suggesting that thalamus itself is not a particular hub for spike propagation during NREM sleep. SCSD was significantly different according to regions (2-way ANOVA, P < .01). Regions where SCDS was the highest (PL, LTL, FL) were different from regions where the SSD was the highest (MTL and thalamus), suggesting that IS increase during NREM sleep was mainly a local phenomenon in MTL and thalamus. SCSD were not significantly different according to epileptogenicity (P > .1).
F I G U R E 1 Increase of mean number of IS during NREM sleep in comparison with wakefulness according to patients (A), brain regions (B), or epileptogenicity (C). Despite a global significant increase of number of spikes during NREM sleep (mean 335.73, SD 522.59; paired t test P < .001), note the heterogeneous increase between patients (A: increase of number of spikes during NREM sleep was lower in some patients [for example, P15 or P16] than in other ones [for example, P1 or P20]), between brain regions (B: for example, between MTL and LTL regions) and according to epileptogenicity (C: heterogenous increase between SOZ, PZ and NIR). P, patient; MTL, medial temporal lobe; LTL, lateral temporal lobe; FL, frontal lobe; OL, occipital lobe; PL, parietal lobe; Thal, thalamus; cMTL, contralateral medial temporal lobe; SOZ, seizure-onset zone; PZ, propagation zone; NIR, not involved region
| DISCUSSION
This study, using SEEG recordings, investigated quantitative and topographic changes of interictal spiking during NREM sleep. We have particularly studied the influence of anatomic factors and "epileptogenicity" (using quantification of the SOZ) in the observed changes.
We found a mean 68% increase of IS during NREM sleep. This increase was significantly higher in MTL than in other regions, regardless of involvement of MTL structures with the SOZ. These findings suggest that MTL, compared to other structures studied, shows a propensity to produce spikes or to promote their propagation during NREM sleep irrespective of its degree of epileptogenicity.
F I G U R E 2 Standardized spikes difference (SSD) changes according to brain regions (A) and epileptogenicity (B) (2-way ANOVA: region P < .001; epileptogenicity P < .05). Values of SSD are the expression of standard deviation relative to mean (with a mean value of 0). A, Higher SSD in thalamus (Thal), medial temporal lobe (MTL), and contralateral lobe (cMTL) in comparison with other brain regions. "*" means that increase of SSD is significant in these regions compared to some other regions. SSD in MTL was higher than SSD in FL, OL, LTL, and PL, but the difference was not statistically significant with SSD in thalamus and cMTL (Tukey post hoc tests). SSD in cMTL was higher than SSD in OL, PL, and LTL, but the difference was not statistically significant in MTL, Thal and FL (Tukey post hoc tests). B, Higher SSD in seizureonset zone (SOZ) than in propagation zone (PZ) and not involved regions (NIRs). Note that "0" value is the mean SSD. "*" means that increase of SSD is significant in SOZ compared to NIR (P = .029, Tukey post hoc tests). C, Comparison between SSD in MTL contacts included in SOZ (MTL_SOZ), MTL contacts not included in SOZ (MTL_noSOZ), and extra-MTL contacts (noMTL): higher SSD in MTL contacts whether included in SOZ or not in comparison with extra-MTL contacts. Higher SSD in MTL contacts included in SOZ in comparison with MTL contacts not included in SOZ (ANOVA, P < .001). "*" means that increase of SSD is significantly higher in MTL_SOZ than in MTL_noSOZ and in noMTL F I G U R E 3 Increase of co-occurrence strength during NREM sleep in comparison with wakefulness. Note that increase was heterogeneous between patients (A), brain regions with a higher increase on PL than in OL, for example (B), and according to epileptogenicity with higher strengths in SOZ than in NIR (C) However, this increase was even stronger when MTL was involved in SOZ.
Epileptogenicity has a strong influence on spiking activity during NREM sleep. These results agree with previous results. Clemens et al. 20 found a strong increase in spike frequency during sleep in patients with MTL epilepsy. Goncharova et al. 5 showed a higher spike increase in entorhinal cortex in patients with MTLE than in patients with LTLE. A recent study with high-density EEG 21 also
showed different topographic spike propagation in patients with MTLE and LTLE during sleep. In contrast, another study did not find any difference in topographic spike propagation during NREM sleep in comparison with wakefulness. 1 This might be due to methodologic differences and, in particular, the absence of direct exploration of medial temporal regions in these patients with SOZ in neocortical regions. In our study, this spike increase in MTL is probably a local phenomenon, because co-occurrence strength did not increase more in MTL than in other regions. In our cohort, we found that IS increased globally during NREM sleep but that this increase was significantly higher in the SOZ compared to noninvolved regions (Figure 2) . This result is an argument for the utility of IS discharges for prediction of the SOZ. However, our results also showed a higher increase of IS in medial temporal regions during NREM sleep, even when they were not involved in seizure generation. This result must encourage clinicians to interpret IS discharges according to wake/sleep state and to brain regions where the IS discharges occurred.
We estimated co-occurrence of spikes as a method for identifying the brain networks involved in IS generation and early propagation. 18, 19 We found that co-occurrence strength increased in all regions during NREM sleep. Among the different studied brain sites, we found that this phenomenon was significantly more present in most of the neocortical regions (PL, FL, LTL) in comparison with thalamus or MTL. This result shows that in neocortical regions there is a clear effect of NREM sleep to facilitate IS propagation in epileptogenic networks. IS increase in thalamus was not associated with a parallel increase in cooccurrences with other regions, showing that the increased IS in this region is probably a local effect. This result can appear surprising regarding the role of thalamocortical influence in spike production. Thalamocortical circuitry influences epileptic activity during NREM sleep, even in highly epileptogenic lesions, such as focal cortical dysplasia, as demonstrated in a recent study. 22 However, we essentially explored a thalamic relay nucleus (pulvinar) that is not itself involved in the genesis of thalamocortical loops. An increasing number of works have shown that sleep influences brain regions locally, even if sleep is often considered as a global phenomenon. [23] [24] [25] This local effect of sleep, and mostly NREM sleep, may change local excitability. For example, during NREM sleep, slow waves are less present in medial temporal regions than in prefrontal cortex, whereas medial temporal regions produce more highfrequency oscillations (ripples) tuned to spindles and slow waves. 26 These local changes during NREM sleep could change local excitability and, therefore, local expression of epileptic activities. The increased IS activity during NREM sleep could have functional consequences. The role of interictal activity in cognitive deficit is still controversial. 27, 28 We could hypothesize from our result that the predisposition of the MTL region for increased IS activity during sleep might have a deleterious impact on cognition, especially in memory. Indeed, a large body of evidence exists for a crucial role of NREM sleep in memory consolidation. [29] [30] [31] [32] [33] [34] Our study was not designed to resolve this issue, but a number of known physiologic processes occurring during NREM sleep in MTL, such as hippocampal-neocortical memory transfer, would encourage further investigation of this expressed standard deviation to the mean (with a mean value of 0). A, Significant difference of SCSD according to brain regions (showed with "*"): SCSD in PL, FL, and LTL are higher than the mean SCSD value, whereas SCSD in MTL, cMTL, Thal, and OL are lower than the mean SCSD value (2-way ANOVA, P < .01). B, No significant difference in SCSD according to epileptogenicity (P > .01). Note that "0" value is the mean SCSD point. A recent study 35 demonstrated that interictal spiking in hippocampus caused significant lowering of hippocampal spindles. Hippocampal spindles are one of the physiologic processes presumed to be involved in memory consolidation and are also thalamus-dependent activities. 24 In summary, this study demonstrated that medial temporal regions show a greater propensity to spike production or propagation during NREM sleep compared to other brain regions, even when MTL is not involved in the SOZ. This tendency might contribute to disruption of physiologic processes of memory occurring in medial temporal regions during NREM sleep, and may thus play a role in memory disturbances in patients with epilepsy.
